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MICROCALORIMETER X-RAY DETECTORS
WITH X-RAY LENS

This invention relates to microcalorimeter detectors used
as x-ray spectrometers and, more specifically, to a micro-
calorimeter detector in an electron microscope having
improved x-ray collection efficiency.

BACKGROUND OF THE INVENTION

Every element in nature emits x-rays when excited, such
as when bombarded by high energy electrons. The emitted
x-rays have a set of characteristic energies. When an x-ray
is detected and its energy accurately determined, one can
infer from the energy the constituent element from which it
originated. For example, if Xx-ray measurement is taken on an
unknown sample having many different constituent
elements, the x-rays collected from the unknown sample can
be tabulated according to energy in an X-ray spectrum.
Analysis of the spectrum enables the deduction of the
constituent elements and analysis of intensity indicates
concentration. This is the basic approach for a class of
analytical measurement instruments serving a wide variety
of industries ranging from mining (ore composition) to
semiconductor fabrication (composition and contaminant
determination).

Commercial instruments today are primarily based on one
of two detector technologies. The most widely used tech-
nology is Energy Dispersive Spectroscopy (EDS) which
uses a crystal of silicon cooled to 77 degrees Kelvin as the
detecting element. In the EDS technique, the x-rays strike
the silicon creating mobile electrons which move under the
influence of an applied electric potential. An amplifier is
used to measure the electrical current of these electrons, the
magnitude of the current being proportional to the energy of
the x-ray that interacted with the crystal. Because silicon
detectors typically have collection areas that are greater than
9 mm?, and can be placed within one to two centimeters of
the sample, good collection efficiency is possible. However,
because of the statistical noise inherent in the detection
process, a limiting energy resolution of only about 100
electron volts (¢V) is obtainable.

Wavelength Dispersive Spectrometers (WDS) constitute
the second commonly used type of detector technology. In
WDS, x-rays from the sample under test are defracted by an
analyzer crystal at angles that depend on the x-ray energy.
WDS detectors have good energy resolution, approximately
ten to twenty eV, but they have a small collection angle. Two
additional difficulties with WDS are that the analyzing
crystal must be mechanically rotated for each energy to be
measured, and that the collection efficiency changes as this
rotation occurs. Thus the WDS technique is difficult for
spectroscopy.

The type of detector used in the invention is the x-ray
microcalorimeter. This device is based on calorimetry: when
the x-ray is absorbed, its energy is converted into heat and
the subsequent temperature rise is proportional to the x-ray
energy. Because the actual x-ray energy is quite small, the
heat capacity of the detector must also be small so that a
relatively large temperature rise is observed. This is accom-
plished by operating the device at very low temperatures
where materials have lower heat capacities, and by mini-
mizing the size of the detector. Microcalorimeter X-ray
detectors have obtained energy resolution as good as 8 eV
and have the potential to achieve 0.5 eV. It is easier to obtain
good energy resolution when the detectors are made with
small absorbing area. Present detectors, which have areas of
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0.1 to 0.25 mm?, are typically placed from approximately
2-3 cm from the sample and thus have collection efficiencies
that are significantly smaller than EDS systems. This is an
important disadvantage, causing long x-ray collection times.

In designing a microcalorimeter spectrometer system, the
inventors herein recognized that the significant advantage of
the microcalorimeter, i.e., a large improvement in resolution
over other detectors is facilitated by a small detector size.
Small detectors, however, have the disadvantages of poor
collection efficiency and long collection times. The inven-
tion herein describes the solution to these problems which
the inventors have devised.

Accordingly, an object of this invention is to improve the
collection efficiency of microcalorimeters, thereby reducing
the collection time of x-ray samples.

Another object of the present invention is to provide a
microcalorimeter with an increased effective collection area
that is substantially independent of x-ray energy over a
broad energy range.

Another object of the invention is to provide a micro-
calorimeter with an increased effective collection area that is
substantially independent of alignment between the micro-
calorimeter and the x-ray source, as may be necessary in
systems in which the sample is scanned, such as in a
scanning electron microscope.

These and other features and objects of the invention and
the manner of attaining them will become apparent and the
invention itself will best be understood through the follow-
ing description of embodiments with the accompanying
drawing.

SUMMARY OF THE INVENTION

The objects of the invention are achieved by a system
which utilizes a broadband polycapillary x-ray lens posi-
tioned between a microcalorimeter and an x-ray source at
the two respective focal points of the lens. Recent develop-
ments in polycapillary lenses allow x-rays to be collected
over an approximately 22 degree opening angle, and then
focused to a spot size of about 100 micrometers. Even
though microcalorimeters are of small area, they have
absorber sizes. greater than 100 micrometers, and therefore
the system has a very high collection efficiency. Polycapil-
lary optics are now available with the proper focusing
capabilities and can readily be mounted on existing micro-
calorimeter x-ray detector systems. Because the lens focuses
x-rays over a broad energy range, from 200 ¢V to over 10
keV, the lens is compatible with spectroscopic applications
for materials analysis and the collection angle is large
enough for practical measurements in materials analysis. An
advantage of the invention is that the increase in effective
collection area of the microcalorimeter corresponds to a
reduction in the time period needed for x-ray collection. The
invention also allows placement of the microcalorimeter
detector farther from the x-ray source than current designs,
which is advantageous for interfacing the detector to a
scanning electron microscope or a transmission electron
microscope. Another advantage of the present invention is
that the effective collection area is improved for a broad
energy range of x-rays, thus providing compatibility with
spectroscopic applications for material analysis.

BRIEF DESCRIPTION OF THE DRAWING

FIG. 1 shows a prior-art EDS detector used in an electron
microscope that is positioned relative to an electron beam
and a sample.
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FIG. 2 shows a view of an embodiment of the present
invention with a polycapillary x-ray lens positioned between
a microcalorimeter detector and a sample in an electron
microscope.

FIG. 3 shows a microcalorimeter detector used in the
preferred embodiment of the present invention.

DETAILED DESCRIPTION OF THE
INVENTION

A geometric orientation of a prior-art EDS detection
system used in an electron microscope is shown in FIG. 1
comprising an EDS detector 10 that receives x-ray radiation
emitted by a sample 12 that is bombarded by electrons from
an electron beam 14 produced by a scanning electron
microscope 9. The relative size and placement of the EDS
detector 10 relative to typical microcalorimeter detectors
(not shown) corresponds to a relatively greater collection
angle for the EDS detector 10.

A geometric orientation of an embodiment of the present
invention is shown in FIG. 2 comprising a microcalorimeter
detector 20 that receives x-rays from an x-ray lens 22 which
collects x-rays emitted from a sample 24 that is bombarded
by electrons in an electron beam 26 produced by a scanning
electron microscope 9. The x-ray lens 22 has a first focal
point f1 positioned on the sample 24 defining a large solid
angle represented as collection angle 0. The x-ray lens 22
has a second focal point f2 positioned on the microcalorim-
eter detector 20 for focusing x-rays collected by the lens 22.

The x-ray lens 22 is preferably a polycapillary x-ray lens.
U.S. Pat. No. 5,192,869, U.S. Pat. No. 5,497,008 and U.S.
Pat. No. 5,570,408, all of which are incorporated by refer-
ence herein, describe an x-ray polycapillary lens device
suitable for use in the current invention and also describe
detecting systems; systems with microcalorimeter detectors
such as the current invention are not shown.

Polycapillary optics have been found by the inventors to
have a collection angle that is large enough for practical
measurements for materials analysis with microcalorim-
eters. X-ray Optical Systems, Inc., Albany, N.Y., currently
makes such a lens with a collection angle 8 of 22 degrees
and an overall transmission efficiency of 30%. This collec-
tion angle combined with the transmission efficiency yields
the equivalent of a large detector that is 2.1 mm in diameter
placed 2 cm away from a sample. The polycapillary lens has
x-ray transmission capability that is approximately constant
over x-ray energies from a few ¢V to 10 ke V. To compensate
for any variations in transmission efficiency, the microcalo-
rimeter can be calibrated by measuring the x-ray spectrum
for samples of known composition or by using x-rays with
a uniform energy spectrum over the energy range of interest.
Such a uniform source may be obtained by bombarding a
sample with high energy electrons and using the “bremstru-
hlung” results from slowing the electrons in the sample.

The energy transmission efficiency of the capillary optic
can also be measured by mounting the optic on a transla-
tional stage 23 which can move the optic into and out of the
line of sight of the detector. By mathematically dividing the
spectra obtained by the detector with and without the optic,
the transmission efficiency of the optic is obtained as a
function of energy.

The microcalorimeter detector 20 is preferably a particle
calorimeter with a normal metal base layer as described in
U.S. Pat. No. 5,634,718, which is incorporated herein by
reference. This particle calorimeter is preferred because it
provides more accurate energy resolution and higher oper-
ating speed than competing technologies, but has a small
collection area.
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The preferred embodiment includes the use of a super-
conducting transition edge thermometer to measure the
temperature rise in the absorber. Operation of a transition
edge thermometer is described in U.S. Pat. No. 5,641,961
and in Nuclear Instruments & Methods in Physics Research,
section A, volume 370, page 177, (1996). Such a micro-
calorimeter is described for x-ray detection in Applied
Physics Letters, page 1945, published Sep. 23, 1996, which
article is incorporated herein by reference.

The preferred microcalorimeter to be included in the
present invention is shown in FIG. 3. An absorber 30
consists of a dense material operated at cryogenic tempera-
tures of 0.01 to 1 degree Kelvin. An x-ray 11 interacts with
the absorber 30 to create heat in the form of electron heat
which is distributed into a normal metal base layer 31 and to
substrate 32. The substrate 32 is not electrically conducting
and has a much lower heat capacity than the absorber 30 and
the base layer 31, thus most of the thermal energy is retained
in the absorber 30 and the base layer 31. A superconducting
lead 33 which has small thermal conductivity is connected
to the base layer 31, thus providing an electrical connection,
but no thermal conductance. A transition edge thermometer,
35, is connected to base layer 31, providing thermal and
electrical contact, and to superconducting lead 34, providing
only electrical contact. A thinned substrate 36 is used to
reduce the heat capacity of the substrate 32 and reflect back
thermal energy phonons so that they are reabsorbed in
absorber A and base layer 31. The electrical connection to
the device is made to the superconducting leads 33 and 34,
respectively, and an amplifier (not shown) is used to measure
the current flow. The current measured is that flowing
through the transition edge thermometer 35.

The ability to use microcalorimeters with a small detector
size also provides another significant advantage. The shape
of the detector signal can depend on the strike position of the
x-ray on the detector. This effect arises because heat from the
x-ray does not diffuse throughout the microcalorimeter
instantaneously. It is advantageous to use a small detector
because the heat then equilibrates more quickly and thus the
detector response is more uniform. Likewise, a smaller
detector provides faster sample-collection rates, thus allow-
ing spectra to be collected more quickly.

The large size of the EDS detector 10 in FIG. 1 allows the
sample 12 to be moved or the electron beam a 14 to be
scanned without requiring realignment of the sample 12 and
the detector 10. However, realignment of the x-ray lens 22
and the sample 24 shown in FIG. 2 would be necessary in
order to keep the focal point f1 positioned on the part of the
sample 24 that is bombarded by the electron beam 26 as the
sample 24 is moved or the electron beam 26 is scanned. In
this invention, precise alignment of the focal point f1 on the
sample 24 may be obtained by maximizing the count rate of
the microcalorimeter detector 20 with respect to the position
of the sample 24.

Similarly, the microcalorimeter detector 20 may be
aligned relative to the x-ray lens 22 by maximizing the x-ray
count rate observed by the detector. Movement of the x-ray
lens 22 relative to microcalorimeter detector 20 may be
performed by a three axis translation stage 23. Motorized
and nonmotorized multi-axis positioners are commercially
available, such as those from NEW FOCUS, Inc. 2630
Walsh Avenue, Santa Clara, Calif. 95051. Such a translation
stage may adjust position inside the electron microscope
vacuum chamber.

The position of the focal point f1 on the sample must
coincide with that portion of the sample excited by the
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scanning electron beam. That adjustment is made by adjust-
ing the scanning position of the electron beam 26 or by
moving the sample 24 under test in the electron microscope.
Proper orientation of the sample and beam is obtained by
observing the maximum X-ray count rate at the detector. We
have found experimentally that the x-ray transmission
through the optic does not change greatly as the electron
beam position is changed 10 to 20 micrometers. This implies
that x-ray transmission in the optic is acceptable for typical

electron scanning ranges utilized in most microanalysis 4

applications.

The present invention is mainly an illustration of the
principle of focusing x-ray radiation on a microcalorimeter
detector in an x-ray spectrometer and, therefore, is accom-
panied by a description of specific embodiments. It will be
apparent to those skilled in the art that various modifications,
substitutions, additions and the like can be made without
departing from the spirit of the invention, the scope of which
is defined by the claims which follow and their equivalents.

What is claimed is:

1. An x-ray spectrometer for determining the set of
characteristic energies produced by a sample under test, said
spectrometer having improved collection efficiency com-
prising:

an excitation source to excite the emission of x-ray
radiation from said sample;

a microcalorimeter x-ray detector responsive to incident
x-ray radiation for producing an output signal repre-
senting the energy of the x-ray events incident at said
detector; and

an x-ray lens placed between said sample and said
detector, said lens having a first focal point positioned
on said sample for collecting a large solid angle of said
x-ray radiation and a second focal point positioned on
said detector for focusing said x-ray radiation on said
detector.

2. The x-ray spectrometer of claim 1 wherein said x-ray

lens is a polycapillary lens.

3. The x-ray spectrometer of claim 2 wherein said x-ray
lens has a transmission efficiency that varies with respect to
x-ray energy, and said spectrometer includes calibrating
means to compensate for variations in the transmission
efficiency of said x-ray lens.

4. The x-ray spectrometer of claim 3 further comprising
an alignment means coupled between said sample and said
x-ray lens for aligning said second focal point of said x-ray
lens on said detector in accordance with the maximum count
of said x-ray events with respect to a fixed time interval.

5. The x-ray spectrometer of claim 4 wherein said exci-
tation source is an electron microscope which bombards said
sample with electrons causing said sample to emit X-ray
radiation.

6. The x-ray spectrometer of claim 1 wherein said exci-
tation source is an electron microscope which bombards said
sample with electrons causing said sample to emit X-ray
radiation.

7. The x-ray spectrometer of claim 6 wherein said x-ray
lens is a polycapillary lens.

8. The x-ray spectrometer of claim 7 wherein said x-ray
lens has a transmission efficiency that varies with respect to
x-ray energy, and said spectrometer includes calibrating
means to compensate for variations in the transmission
efficiency of said x-ray lens.

6

9. The x-ray spectrometer of claim 1 further comprising
an alignment means coupled between said sample and said
x-ray lens for aligning said second focal point of said x-ray
lens on said detector in accordance with the maximum count

5 of said x-ray events with respect to a fixed time interval.

10. The x-ray spectrometer of claim 9 wherein said x-ray
lens is a polycapillary lens.

11. The x-ray spectrometer of claim 10 wherein said
excitation source is an electron microscope which bombards
said sample with electrons causing said sample to emit x-ray
radiation.

12. A method of spectroscopic materials analysis com-
prising the steps of:

providing for the excitation of a sample under test to

excite the emission of x-ray radiation;

providing for the collection of said x-ray radiation from a

sample under test by an x-ray lens wherein a first focal

point of said lens is positioned on the surface of said
sample under test; and

providing for the detection of said x-ray radiation in a

microcalorimeter wherein a second focal point of said

lens is positioned on said microcalorimeter.

13. The method of claim 12 wherein the transmission
efficiency of said x-ray lens varies with respect to x-ray
energy, said method further including the steps of:

providing a translating stage for moving said x-ray lens

out of the line of sight of said detector and measuring
the x-ray spectra obtained at said detector;

providing said translating stage for moving said lens into

the line of sight of said detector and measuring the

X-ray spectra obtained at said detector; and
mathematically operating on the spectra obtained without

said lens and the spectra obtained with said lens to

determine calibration factors to compensate for the
transmission efficiency of said lens.

14. The method of claim 12 further including the steps of:

providing a translational stage to align said detector with

said x-ray lens to establish the position of said detector
at said second focal point by observing the position at
which the maximum x-ray count rate is achieved at said
detector; and

providing for the adjustment of said first focal point at

said sample by observing the position of said sample at

which the maximum x-ray count is achieved at said
detector.

15. The method of claim 12 wherein the step of providing
for the excitation of said sample is accomplished by the
bombardment of said sample in an electron microscope and
further including the step of:

adjusting the location at which said bombardment of said

sample occurs to coincide with the location of said first

focal point by observing the position at which the
maximum X-ray count is achieved at said deteccor.

16. The method of claim 12 further including the steps of:

providing a translational stage to align said detector with

said x-ray lens to establish the position of said detector
at said second focal point by observing the position at
which the maximum x-ray count rate is achieved at said
detector;

providing for the adjustment of said first focal point at

said sample by observing the position of said sample at

which the maximum x-ray count is achieved at said
detector; and

wherein the step of providing for the excitation of said

sample is accomplished by the bombardment of said

sample in an electron microscope and further including
the step of:
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adjusting the location at which said bombardment of said
sample occurs to coincide with the location of said first
focal point by observing the position at which the
maximum X-ray count is achieved at said detector.
17. The method of claim 16 wherein the transmission
efficiency of said x-ray lens varies with respect to x-ray
energy, said method further including the steps of:
providing said translational stage for moving said x-ray
lens out of the line of sight of said detector and
measuring the x-ray spectra obtained at said detector;

8

providing said translational stage for moving said lens
into the line of sight of said detector and measuring the
x-ray spectra obtained at said detector; and

mathematically operating on the spectra obtained without
said lens and the spectra obtained with said lens to
determine calibration factors to compensate for the
transmission efficiency of said lens.



